Magnetic monopoles -particles that behave as isolated north or south magnetic poles -have been the subject of speculation since the first detailed observations of magnetism several hundred years ago 1 . Numerous theoretical investigations and hitherto unsuccessful experimental searches 2 have followed Dirac's 1931 development of a theory of monopoles consistent with both quantum mechanics and the gauge invariance of the electromagnetic field 3 . The existence of even a single Dirac magnetic monopole would have far-reaching physical consequences, most famously explaining the quantization of electric charge 3,4 . Although analogues of magnetic monopoles have been found in exotic spin-ices 5,6 and other systems 7-9 , there has been no direct experimental observation of Dirac monopoles within a medium described by a quantum field, such as superfluid helium-3 (refs 10-13).
Maxwell's equations refer neither to magnetic monopoles nor to the magnetic currents that arise from their motion. Although a simple symmetrisation with respect to the electric and magnetic fields, respectively E and B, leads to equations that involve these magnetic charges, it also seemingly prevents their description in terms of the familiar scalar and vector potentials, respectively V and A, alone. Because the quantum-mechanical Hamiltonian is expressed in terms of potentials, rather than electromagnetic fields, this modification immediately leads to serious theoretical challenges.
In a celebrated paper that combined arguments from quantum mechanics and classical electrodynamics 3 , Dirac identified electromagnetic potentials consistent with the existence of magnetic monopoles. His derivation relies upon the observation that in quantum mechanics the potentials V and A influence charged particle dynamics either through the Hamiltonian or, equivalently, through modifications of the complex phase of the particle wavefunction.
Armed with these equivalent perspectives, Dirac then considered the phase properties of a wavefunction pierced by a semi-infinite nodal line with nonzero phase winding. He discovered that the corresponding electromagnetic potentials yield the magnetic field of a monopole located at the endpoint of the nodal line. The vector potential A in this case also exhibits a nonphysical line singularity, or 'Dirac string', that terminates at the monopole.
We experimentally create Dirac monopoles in the synthetic electromagnetic field that arises in the context of a ferromagnetic spin-1 87 Rb Bose-Einstein condensate (BEC) in a tailored excited state 14 . The BEC is described by a quantum-mechanical order parameter that satisfies a nonlinear Schrödinger equation, and the synthetic gauge potentials describing a north magnetic pole ( Fig. 1 ) are generated by the spin texture. This experiment builds on studies of synthetic electric and magnetic fields E * and B * in atomic BECs, which is an emerging topic of intense interest in the simulation of condensed-matter systems with ultracold atoms 15, 16 . Unlike monopole experiments in spin ices 5, 6 , liquid crystals 7 , skyrmion lattices 9 , and metallic ferromagnets 8 , our experiments demonstrate the essential quantum features of the monopole envisioned by Dirac 3 .
Physically, the vector potential, A * , and synthetic magnetic field, B * = ∇ × A * , are related to the superfluid velocity, v s , and vorticity, Ω = ∇ × v s , respectively. (Here denotes Planck's constant divided by 2π.) Our primary evidence for the existence of the monopole comes from images of the condensate density taken after the creation of these fields (Figs 2 and 3), which reveal a nodal vortex line with 4π phase winding terminating within the condensate. The images also display a three-dimensional spin structure that agrees well with the results of numerical simulations (Fig. 4) . We analyse these findings and discuss their implications below.
The spinor order parameter corresponding to the Dirac monopole 14,17 is generated by an adiabatic spin rotation in response to a time-varying magnetic field, B(r, t). Similar spin rotations have been used to create multiply-quantized vortices 18 and skyrmion spin textures 19 . The order parameter Ψ (r, t) = ψ(r, t)ζ(r, t) is the product of a scalar order parameter, ψ and a spinor, ζ = (ζ +1 , ζ 0 , ζ −1 ) T = |ζ , where ζ m = m|ζ represents the mth spinor component along z. The condensate is initially spin-polarised along the z axis, that is, ζ = (1, 0, 0) T . Following the method introduced in ref.
14, a magnetic field B(r, t) = b q (xx + yŷ − 2zẑ) + B z (t)ẑ is applied, where b q > 0 is the strength of a quadrupole field gradient and B z (t) is a uniform bias field. The magnetic field zero is initially located on the
where Z is the axial Thomas-Fermi radius of the condensate.
The spin rotation occurs as B z is reduced, drawing the magnetic field zero into the region occupied by the superfluid.
Ideally, the condensate spin adiabatically follows the local direction of the field (Fig. 1a-c ). Our numerical analysis indicates, and both simulations and experiment confirm, that the fraction of atoms undergoing nonadiabatic spin-flip transitions is of order 1% for our experimental parameters. The spin texture in the adiabatic case is conveniently expressed in a scaled and shifted coordinate system with x = x, y = y, z = 2z − B z /b q , corresponding derivatives ∇ , and spherical coordinates (r , θ , ϕ ). This transformation scales the z axis by a factor of two and shifts the origin of coordinates to coincide with the magnetic field zero. The applied magnetic field is then B = b q (x x + y ŷ − z ẑ ). As B z is reduced, each spin rotates by an angle π − θ about an axis defined by the unit vectorn(r , θ , ϕ ) = −x sin ϕ +ŷ cos ϕ . This spatially-dependent rotation leads to a superfluid velocity
and vorticity
where M is the atomic mass, δ is the Dirac delta function and Θ is the Heaviside step function. The vorticity is that of a monopole attached to a semi-infinite vortex line singularity, of phase winding 4π, extending along the positive z axis.
The synthetic vector potential arising from the spin rotation can be written as 
The fields v s and B * are depicted in Fig. 1d .
The experimental setup 21 is shown schematically in Fig. 1e . The optically-trapped 87 Rb BEC consists of N = 1.8(2) × 10 5 atoms in the |F =1, m=1 ≡ |1 spin state, where the uncertainty reflects shot-to-shot variations and the calibration of the detection system. The calculated radial and axial Thomas-Fermi radii are R = 6.5 µm and Z = 4.6 µm, respectively, and the corresponding optical trap frequencies are respectively ω 4 ≈ 2π × 160 Hz and ω z ≈ 2π × 220 Hz. Four sets of coils are used to produce b q , B z and the transverse magnetic field components B x and B y , which are used to guide the applied magnetic field zero into the condensate. At the beginning of the monopole creation process, the bias field is B z = 10 mG. The quadrupole field gradient is then linearly ramped from zero to b q = 3.7 G/cm, placing the magnetic field zero approximately 30 µm above the condensate. The field zero is then brought down into the condensate by decreasing B z linearly to B z,f at the ratė B z = −0.25 G/s. We call this the creation ramp.
The atomic density of each spinor component |m is imaged as established by the local spin rotation during the creation ramp (Methods). As the field zero passes through the condensate ( Fig. 2a-f ), the distribution of particles in the three spin states changes in a manner indicative of the expected spin rotation shown in Fig. 1 . The nodal line appears in the images taken along the vertical axis as holes in the |−1 and |0 components, and in the side images as regions of reduced density extending vertically from the top of the condensate towards, but not through, the |1 component. This nodal line extends more deeply into the condensate as B z,f is reduced. Ultimately it splits into two vortex lines ( Fig. 2f ; see also Extended Data Fig. 1 ) -the characteristic signature of the decay of a doubly-quantized vortex 22 -illustrating its 4π phase winding.
We compare the experimental images of the vertically (Fig. 3a) and horizontally ( Fig. 3c) imaged density profiles to those given by numerical simulations (Fig. 3b,d ) in which the monopole is near the centre of the condensate. The simulation data are obtained by solving the full three-dimensional dynamics of the spinor order parameter (Methods). The locations of the doubly-quantized and singly-quantized vortices in spinor components |−1 and |0 are clearly visible in the experimentally acquired density profiles, as are other structures discernible in the images obtained from the numerical simulations. The observed vertical spatial separation of the spinor components, (Fig. 3c) confirms that the vortex line terminates within the bulk of the condensate.
The quantitative agreement between experiment and simulation is apparent in Fig. 4 , which shows cross-sections of the density profiles taken through the centre of the condensate.
The differences observed in the peak densities (Fig. 4a ) of experimental (solid lines) and simulated (dashed lines) data are due to effects not taken into account in the simulation, such as three body losses that were observed to be ∼ 10% in the experiment. To show their effect we have scaled the simulated data accordingly (dotted lines). Noting the absence of free parameters, the experimental data are in very good agreement with the numerical simulation.
We also show the fraction of the condensate in each spinor component for different vertical monopole locations within the condensate (Fig. 4b) , including data from images in which the nodal line of the order parameter does not necessarily coincide with the z axis. The physical observable is the position of the centre of mass of the |0 component, z 0 , relative to the centre of mass of the whole condensate, z c . Again, we find the experiments and simulations are in very good quantitative agreement without any free parameters.
An alternative description of the origins of the velocity and vorticity profiles (equations (1) and (2) Finally, the experimental methods developed in this work can also be directly used in the realization of a vortex pump 26 , which paves the way for the study of peculiar many-body quantum states, such as those related to the quantum Hall effect 27 .
Note added. The effects of the Lorentz force arising from an inhomogeneous synthetic magnetic field have recently been observed in condensate dynamics 28 .
METHODS SUMMARY
Imaging. After the creation ramp, we non-adiabatically change B z from B z,f to a large value (typically several hundred milligauss) in order to project the condensate spin components {|m } into the approximate eigenstates of the Zeeman Hamiltonian while preserving the monopole spin texture. We call this the 'projection ramp'. The condensate is then released from the trap and allowed to expand for 22.9 ms. The three spin states are separated along the x axis during the expansion by a 3.5 ms pulse of the magnetic field gradient with the magnetic bias field pointing in the x direction. We take images simultaneously along the horizontal and vertical axes. 10 Blaha, S. Quantization rules for point singularities in superfluid 3 He and liquid crystals. Phys.
Rev. Lett. 36, 874-876 (1976 An additional complication is that the centre of the optical trap and the physical centre of the gradient coils do not in general coincide, and can drift with respect to one another. The condensate can be offset horizontally by as much as 14 µm, and vertically up to ≈ 25 µm below, the centre of the gradient coils.
Adiabatic Spin Rotation. As B z changes during the monopole creation process, the condensate spin ideally remains in the strong-field seeking state (SFSS), that is, the minimum-energy eigenstate of the local Zeeman Hamiltonian. At the field zero, however, the local Zeeman term of the Hamiltonian vanishes and non-adiabatic spin transitions to the neutral and weak-field seeking states become inevitable. Neglecting the kinetic-energy related to spin rotations and the weak spin-spin interactions in the condensate, the spatiallydependent probability of successful adiabatic spin rotation when the homogeneous bias field is inverted from large positive values to large negative values, can be approximated within the three-level Landau-Zener model by
where µ B is the Bohr magneton. The fraction of particles remaining in the SFSS can be approximated by an average of equation (4) weighted by a fixed particle densityn(r) as
Applying equations (4) and (5) to the initial vortex-free density distribution determined by solving the Gross-Pitaevskii equation with the parameter values extracted from the experiments, we obtain P ad = 98%. The doubly-quantized vortex generated during the field inversion reduces the number of atoms in precisely the region where the undesired spin flips are most probable. For a density distribution that includes the doubly quantized vortex along the z axis, equations (4) and (5) yield P ad = 99%. Full numerical simulations of the creation of the doubly quantized vortex confirm that 99% of the particles remain in the SFSS.
Experimentally, P ad is controlled by b q andḂ z . Increasing b q results in stronger magnetic forces on the condensate due to the gradient, which must remain small relative to those exerted by the optical trap so as not to perturb the condensate position extensively. The strength of the optical trap, however, cannot itself be increased without compromising both the size of the condensate and its lifetime. Choosing b q = 3.7 G cm −1 was found convenient in this respect.
DecreasingḂ z , on the other hand, results in lengthier exposures of the BEC to magnetic field noise that can possibly induce undesirable spin transitions. The noise associated with the power mains (at frequencies that are odd integer n multiples of 60 Hz) is the most serious, being resonant at a field of n × 85 µG. The choiceḂ z = −0.25 G/s ensures that the resonance condition is passed faster than a single oscillation period of the noise at least up to n = 7. The effect of this noise is merely to distort the path traced by the field zero slightly during the creation ramp.
With the experimental parameters described above, we find that a negligible number of atoms is excited out of the SFSS after the field zero is moved fully through the condensate.
Only when we increase the ramp rates by an order of magnitude do we find a discernible fraction of the atoms in the weak-field seeking state. This is consistent with the simulations and the calculation of P ad . We conclude that non-adiabatic spin flips are not important in the monopole creation process with the parameters employed in the experiments, and that the Landau-Zener model describes this phenomenon well.
Imaging. At the end of the creation ramp, B z is rapidly decreased (in 0.040 ms) until |B z /B z,f | 1, a stage we call the 'projection ramp'. This non-adiabatic field ramp keeps the order parameter essentially unchanged but takes the spin states {|m } to be the approximate eigenstates of the Zeeman Hamiltonian. As described below, we image the particle density in each of these new eigenstates, accessing the detailed structure of the monopole established by the creation ramp.
Immediately after the projection ramp, the magnetic field gradient is turned off in 0.350 ms. The optical trapping beams are then extinguished, releasing the condensate from the trap and permitting it to expand freely for 4 ms. The field is then increased adiabatically (in 1 ms) to 13.7 G in the x-direction as B z is simultaneously reduced to zero. After a 1.5 ms delay, the magnetic gradient coils are pulsed on for 3.5 ms to 20.1 G cm −1 (radial) to separate the spin states horizontally.
The total time of flight of the atoms is 22.9 ms, counted from the moment of release from the optical trap. After expansion, the condensates are imaged absorptively along both the vertical (z) and horizontal (y) axes simultaneously (to within 14 µs) in the presence of a 0.1-G imaging field directed along z. In the absorption images we correct for neither the slightly different sensitivities of the different spin states to the probe beam nor the slightly different expansions that result from the applied magnetic field gradient.
Although we describe in this paper the creation of the monopole with the initial parameters b q > 0, B z (t = 0) > 0 andḂ z < 0, the process yields essentially identical results experimentally when b q > 0, B z (t = 0) < 0, andḂ z > 0 in the creation ramp, except that the field zero enters the condensate along the negative z axis and thereby changes the sense of the spin rotation. Similarly, B z can be rapidly increased in either the +z or −z directions in the projection ramp with the same outcomes (Extended Data Fig. 2 ).
The images shown in Figs 2 and 3 are selected from among dozens of similar images taken under identical conditions, and hundreds of images taken under similar conditions (Extended Data Fig. 2 ). Not every image demonstrates the signature presence of a monopole, because drifts in the magnetic fields and the location of the optical trap eventually cause the magnetic field zero to miss the condensate. Under optimal conditions we find that we can take five to ten sequential images in which the field zero passes through the condensate, after which we must adjust the magnetic bias fields to re-centre the magnetic field zero on the condensate. Effects of free expansion. The condensate must be allowed to expand freely in order to image its spin structure and determine the presence of the monopole. The condensate is therefore not imaged while the magnetic field zero is within the condensate. To demonstrate the effects of the free expansion on the spin structure, we show the simulated particle densities of the condensate just after the creation ramp in Extended Data Fig. 3 . The images are created from an intermediate step in the complete simulation that is used to produce Fig. 2 . The principal effects of the release of the condensate are to cause it to expand with different speeds in different directions, to increase the relative vortex core sizes, to partially fill the vortex cores with other spin components, and the slight separation of the different spinor components. The last three effects are due exclusively to the repulsive interactions between the atoms during the first few milliseconds of expansion. Because there is excellent agreement between the simulated and experimentally observed results in Fig. 3, we conclude that Extended Data Fig. 3 is a suitable representation of the condensate just after the creation ramp, while the field zero is still within the superfluid. The maximum pixel intensity corresponds toñ p = 2.98 × 10 11 cm −2 .
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Observation of Dirac Monopoles in a Synthetic Magnetic Field Supplementary Information I. Spin Components -Our starting point is the spinor order parameter Ψ (r , t) = ψ(r , t)ζ(r , t) = n(r , t)e iφ(r ,t) ζ(r , t)
where ψ is a scalar order parameter expressed in terms of the condensate particle density n = |ψ| 2 and phase φ = arg(ψ), and ζ is a normalised spinor with ζ † ζ = 1. The condensate spin is given by S = ζ † F ζ, where F = F xx + F yŷ + F zẑ and {F k } are the usual spin-1 matrices.
As B z is decreased the spin rotates by an angleθ = π − θ about an axisn = −x sin ϕ + y cos ϕ as illustrated in Fig. 1 . In the spinor basis |F, m this spin rotation corresponds to a transformation matrix
The action of R on the initial spinor (1, 0, 0) T is
From the ϕ -dependence of the resulting spinor, we observe that the |−1 component contains a doubly-quantized vortex, and the |0 component contains a singly-quantized vortex, and all three components vanish along a nodal line that lies along the +z axis. 
II. Dirac Monopole in
SI-1 and
where ∇ indicates differentiation with respect to the primed coordinate system. These potentials lead to the synthetic electromagnetic fields
and
which, together with the Lorentz force law
describe the superfluid dynamics. In equation (13), D/Dt is the material derivative, M is the atomic mass,
is the superfluid velocity, and µ is a local chemical potential arising from kinetic, trap, and mean-field energies 31 .
Applying equation (10) to the specific spin rotation in our experiment (equation (8) and ζ →ζ = e iϑ(r ,t) ζ
where ϑ parameterises the transformation. The condensate order parameter Ψ = ψζ =ψζ, as well as all of its associated observables (including E * and B * as implied by equation (13)), are invariant under this transformation. Using equations (9) and (10), the synthetic scalar and vector potentials transform as
respectively. These equations are recognised as those of a gauge transformation in ordinary electrodynamics. The invariance of the physical observable v s , and hence Ω , with respect to choice of gauge may be confirmed by evaluating equation (14).
One can use the choice of gauge to select the location of the singularity in A * . For example, the gauge function ϑ = −2ϕ gives
which has a singularity along the negative z axis. Similarly, choosing ϑ = −ϕ , yields
which contains two singularities that meet at the monopole, lying along the positive and negative z axes. Finally, by choosing ϑ = −2ϕ Θ(z ), where Θ(z ) is the Heaviside step function, we obtaiñ
where δ(z ) is the Dirac delta function. In this last case, the magnetic field is given directly by equation (3) without any singularities, i.e., the gauge transformation completely annihilates the Dirac string in B * .
In the usual treatment of the Dirac monopole, the vector potential is expressed in terms of equation (21) without the last term 20 . Instead, two different gauges are employed for the first two terms, which can raise the question of how to connect, in practice, a solution extending across the gauge boundary. In contrast, we employ a single piecewise-defined gauge that answers this question and completely releases the Dirac monopole from its string in B * . Thus a synthetic magnetic charge appears that is not strictly present in the gauge transformations involving the Dirac string in B * .
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We conclude that the singularity in B * is not physical, as it is inferred from the gaugedependent location of the singularity inÃ * . Note that this is not true for the vortex line singularity in Ω , which depends on the location of the physical vortex line singularity in the gauge-invariant superfluid velocity v s and must lie along the nodal line in Ψ .
III. Faraday's Law -In this section we use Faraday's law
to show explicitly that the motion of the monopole towards and through the condensate induces the superfluid velocity given by equation (1). This approach is complementary to the preceding method of computing the superfluid velocity from the quasi-static spinor that aligns with the instantaneous applied magnetic field.
We assume that the monopole begins infinitely far away from the condensate on the positive z axis and moves towards it in the negative z direction. The synthetic electric field E * resulting from the motion of the monopole may be written
The curl of this expression satisfies Faraday's law (equation (22)), which in its integral form
where the flux of B * is calculated through a capping surface S bounded by the directed curve C.
We concentrate on the ϕ component of E * , which does not depend on the terms in the square brackets of equation (23) because those terms do not depend on ϕ . On the other hand, the time-varying B * induces an E * which in our case, for reasons of symmetry, is entirely in the (±)ϕ direction.
Consider a superfluid mass element at Q = (r , θ , ϕ ) with respect to the monopole (Supplementary Information Fig. 1 ). The curve C is a circular path of radius ρ = r sin θ passing through Q and centred upon the z axis at a distance z = r cos θ from the monopole (N ). Using equation ( 77, 2595-2599 (1996) . 
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